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ABSTRACT 

We report on the dynamical interaction of quiet-Sun magnetic fields and granular convection in 
the solar photosphere as seen by Sunrise. We use high spatial resolution (0"15-0"18) and temporal 
cadence (33 s) spectropolarimetric Imaging Magnetograph experiment data, together with simulta¬ 
neous CN and CaiiH filtergrams from Sunrise Filter Imager. We apply the SIR inversion code 
to the polarimetric data in order to infer the line of sight velocity and vector magnetic field in the 
photosphere. The analysis reveals bundles of individual flux tubes evolving as a single entity dur¬ 
ing the entire 23 minute data set. The group shares a common canopy in the upper photospheric 
layers, while the individual tubes continually intensify, fragment and merge in the same way that 
chains of bright points in photometric observations have been reported to do. The evolution of the 
tube cores are driven by the local granular convection flows. They intensify when they are “com¬ 
pressed” by surrounding granules and split when they are “squeezed” between two moving granules. 
The resulting fragments are usually later regrouped in intergranular lanes by the granular flows. The 
continual intensification, fragmentation and coalescence of flux results in magnetic field oscillations 
of the glo bal entity. From the obse r vation s we conclude that the magnetic field oscillations first re¬ 
ported by iMartinez Gonzalez et (j2nilh correspond to the forcing by granular motions and not to 
characteristic oscillatory modes of thin flux tubes. 

Subject headings: Sun: granulation - Sun: magnetic fields - Sun: oscillations - Sun: photosphere - 
methods: observational - techniques: polarimetric 


1. INTRODUCTION 

Most of our empirical knowledge of the structure and 
dynamics of quiet-Sun magnetism derives from observa¬ 
tions of the solar photosphere. In this thin layer, mag¬ 
netic energy is in many places of the same order as the 
kinetic energy. Therefore, the interaction between the 
magnetic field and convection at the solar surface is an 
efficient way of converting kinetic energy into form that 
can be transported to the upper layers of the solar atmo¬ 
sphere by the magnetic field. 

The most direct method of detecting the solar mag¬ 
netic field is by measuring polarized light generated via 
the Zeeman effect. Unfortunately, in the quiet Sun, the 
Zeeman effect produces only a weak polarization signal, 
whose measurement requires both, high spatial resolu¬ 
tion and accurate polarimetric sensitivity. Such measure¬ 
ments have only rec ently been achiev ed by the Hinode 
spectro-polarimeter (|Lites et 3111201311 and the Imaging 
Magnetograph experiment HMaX: iMartmez Fillet et al.! 
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EoiiD aboa rd the Sunr i se ba ll oon-borne sol a r ob¬ 
servatory (iSolanki et al.l 120101: iBarthol et al.l 120111 : 
iBerkefeld et al.ll2011l: iGandorfer et al.ll2011IL 

Before the era of space-borne spectropolarimeters, po¬ 
larimetric observations have been limited by the need 
for stable seeing conditions to achieve a high spatial 
resolution. Instead, to maximize spatial and temporal 
resolution, indirect signatures, or proxies of magnetic 
structures have been used. In particular, magnetic el¬ 
ements, usually described in terms of flux tubes, have 
been tentatively identified with bright points (BPs) in 
photometric observations. Based on a recent comparison 
between Sunrise obser vations and MHD simulations, 
iRiethmiiller et al.1 (|2014ll deduce that all magnetic BPs 
are associated with kG magnetic flux concentrations. 

White-light observations obtained at the Pic du Midi 
Observatory in the French Pyr enees, reveale d a mean life- 
time of 18 minute for fac ular (|Mulledll983ll and network 
(|Muller fc Roudi^ll992ll BPs. Many BPs become elon¬ 
gated when they ar e squeezed between two moving or 
expanding granules (jRoudier et al.l[l9^ . 70% of these 
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elongation processes end with the fragmentation of the 
b right structures. 

IMuller fc Ro'^Idi^ (ITOSl were the first to observe 
bright points in the Fraunhofer G band, a CH molec¬ 
ular band-head around 4305 A. At these wavelengths 
BPs exhibit high er contrast than the o ne they display 
in the continuum. iBerger fc Title! (|1996[ 1 studied the dy¬ 
namics of G-band bright points ob served with the 50 cm 
Swedish Vacuum Solar Telescope (jS charmer et al .ill 9 8511 
on the island of La Palma, Spain. Driven by the evolu¬ 
tion of the local granular convection flows, fragmentation 
and coalescence are two important processes driving the 
evolution of BPs. BPs also appear to rotate and fold 
in chains or groups. Periodically, they split into smaller 
fragments, merge with other BPs, and sometimes fade 
until they are no longe r distinguishable fro m their sur¬ 
roundings. Nonetheless, IBerger et al.l (|1998ll found some 
BP groups to persist during the entire 70 minute data 
set. However, the different members of these chains can¬ 
not be identified as individual entities for longer than a 
granu le lifetime, i.e., 6-8 m inutes. Gonsistent with this 
view, IBerger fc Titlel (|1996ll concluded that the canon¬ 
ical picture of stable, isolated flux tube does not agree 
with observations. 

Simultaneous filtegram and magnetogram observations 

BPs (IKel1eHI1992l: 
and G-band BPs 
associated with a 
magnetic feature. While isolated BPs have nearly the 
same size as the associated magnetic element, BP groups 
appear inside a large magnetic structure that extends 
beyond the group. For the largest magnetic structures, 
IMuller et al.l (j2OOO0 found several magnetic signal max¬ 
ima at the location of individual BPs. 

If we assume that BPs are the counterparts of mag¬ 
netic flux tubes, their fragmentation by the perturbation 
of surrounding granules might indicate that magnetic ele- 
ment s are liable to the intercha nge, or flut ing, instability 
le.g. . iKra ll fc Tri velDiecelll973l Chap. 5). iParked (119751 1 
and iPiddingtonI ( 'l975h noticed that the interchange in¬ 
stability is indeed an intrinsic property of flux tubes. 
Howeve r, due to the redu ced density of the magnetic 
plasma, iMever et al.l (I1977D showed that flux tubes with 
fluxes greater than about 10^® Mx, such as sunspots and 
pores, can be stabilized by buoyancy thanks to the rapid 
expansion with height of their field. Small quiet-Sun 
magnetic structures with flu xes in the range of 10^®-10^® 
Mx (e.g. iWang et al.lll99,’^ obviously do not fulfill this 
criterion. iSchhssleil (|l984fi proposed that such features 
could be stabilized as well if they are surrounded by whirl 
flows, with a whirl vel ocity around magne tic features be¬ 
tween 2 and 4 km s“^ (|Bunte et al.lll993all. Observation s 
of whirl flows were first reported bv iBonet et al.l (j2008f l. 
However, their lifetimes are only about 5 minute, on av¬ 
erage, as they often do not su rvive neighboring g ranules, 
which have a similar lifetime (|Bonet et al.ll2010ri . 

Stabilization of magnetic elements by means of the 
whirl flow mechan i sm is re stricted to cylindrical flux tube 
geometry. iBiintel (jl993b[l showed that elongated mag¬ 
netic slabs, or flux sheets, are also flute unstable. He 
demonstrated that the slabs are most strongly liable to 
the instability in a layer close to Tc = 1, where frag¬ 
mentation into single tube-filaments takes place. These 


filaments, however, lose their identity at lower and upper 
layers as they merge into a single, stable magnetic slab. 
Of course, the validity of such idealized computations 
in the real, highly dynamic, turbulent solar photosphere 
remains an open question. 

In order to shed new light on the physical mechanism 
behind the dynamic nature of quiet-Sun magnetism, high 
spatial and temporal resolution is required over a suffi¬ 
ciently long time series, along with accurate polarimetry. 
Such high-quality observations have only recently been 
achieved with SUNRiSE/IMaX. The unprecedented spa¬ 
tial resolution of 0"15-0'.'18, allowed for the first time 
photospheric magnetic elements to be spatially resolved 
even in the quiet Sun internetwork without requiring an 
ad-hoc filling factor, that spec ifies the fraction of the 
pixel filled with magnetic field (jLagg et al.ll20I(lll . This 
represents a considerable advance compared to previous 
works that studied magnetic structures via their indirect 
signatures, e.g., BPs, or without resolving the magnetic 
fields. 

In a previous paper (|Reauerev et al.l I2Q14 hereafter 
Paper 1), we reported on the first direct observation of 
the formation of an individual photospheric magnetic el¬ 
ement as seen by SuNRiSE/IMaX. Here, we complement 
that work by investigating the dynamical interaction of 
quiet-Sun magnetic structures with the convective flows. 

2. OBSERVATIONS AND DATA REDUCTION 

The spectropolarimetric observational data were ob¬ 
tained with SuNRiSE/IMaX on 2009 June 9 from 00:36:03 
UT to 00:58:46 UT, in a quiet-Sun region close to disk 
center. The data set of ^ 23 minutes length has a tempo¬ 
ral cadence of 33 s, with a pixel size of 07055. Through¬ 
out the observing cycle, the full Stokes vector was sam¬ 
pled at five wavelength positions across the Fe I 525.0217 
nm line (Lande factor g = 3) at A = -8, -4, -|-4, -|-8, and 
-1-22.7 pm from the line cen ter (V5-6 mode of IMaX; see 
iMartinez Fillet et al.ll201ll for details). For the polar¬ 
ization analysis, the incoming light is modulated by two 
liquid crystal variable retarders (LCVRs) and analyzed 
by a beam splitter. The spectral analysis is performed 
by a Fabry-Perot interferometer based on a double-pass 
LiNbOa etalon. 

IMaX data reduction and instrument c alibrations are 
described bv IMartinez Fillet et al.l (1201111 . Several pro¬ 
cedures were used for dark-current subtraction, flat-field 
correction, and polarization cross-talk removal. The cal¬ 
ibration set consisted of 30 in-focus and out-of-focus im¬ 
age pairs that, through phase diversity (|Gonsalveslll982l : 
iPaxman et al.l 1199611 . were used for post-facto point- 
spread function (PSF) retrieval. The science images 
were reconstructed by deconvolving this PSF from the 
originally recorded images. The process requires an 
apodization that effectively reduces the IMaX field of 
view (FOV) down to about 43" x 43". The blueshift 
over the FOV produced by the Fabry-Perot interferom¬ 
eter is corrected in the inferred velocity values. The in¬ 
strument achieved a spectral resolution of 8.5 pm and 
the spatial resolution has been estimated to be 0715- 
0718 after reconstruction. The noise level in each Stokes 
parameter is about 3x10“^ in units of the continuum 
intensity, and the rms contrast of the quiet-Sun gran- 
ulation obtained fro m continuum data is about 13.5% 
(|Solanki et al.l[2M^ . which testifies to the outstanding 


revealed that continuum and line-core 
iTitle et ^1199^ lYi fc EngyoldlfTo^ 
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Figure 1. Examples of co-spatial images from both, the IMaX and SuFI instruments, (a) IMaX Fe 1 525.0217 nm longitudinal magnetic 
field covering the full FOV of about 43" X 43". The longitudinal component of the magnetic field, B cos 7 , is linearly scaled from -100 to 
100 G. The white dashed-line rectangle, with a FOV of 13" X 38", illustrates the co-aligned area in common with the SuFI CN and CallH 
images. The white boxes enclose locations where multi-cored magnetic structures are observed. The red box highlights a feature that is 
examined in detail in Section |4] (b) SuFI CN image, (c) SuFI CallH image. 


quality of IMaX images. We determine the line-core in¬ 
tensity by fitting the observed IMaX Stokes I profiles at 
the sampled spectral positions by a Gaussian. 

In addition to the IMaX Fe I 525.0217 nm images, sev¬ 
eral nearly simultaneous CN (centered at 388 nm with 
FWHM m 0.8 nm) and Ca ii H (centered at 396.8 nm with 
FWHM Ri 0.18 nm) filte rgrams obtained with the Sun¬ 
rise Filter Imager fSuFh lGandorfer et al.ll20ll1l are used 
in the present paper. The time series has a cadence of 12 
s, with a pixel size of 070207, and a FOV of about 13" 
X 38". The CN and CaiiH b andpass images have b een 
phase diversity reconstructed (iHirzberger et al.ll2011h . 

Since SuFI and IMaX data have different cadences, we 
select those CN and Ca ii H images whose observing times 
are closest to the IMaX observations. Note that the pixel 
size is also different. Thus, we increase the size of the 
SuFI image pixels by neighborhood averaging to a com¬ 
mon scale with IMaX. Furthermore, we properly align 
the images by applying a cross-correlation technique on 
all simultaneous frames of Ca ii H and the IMaX line-core 
intensity, i.e., the data products having the closest BP 
contrast. 

3. DATA ANALYSIS 

To determine the vector magnetic field and the 
line of sight (LOS) velocity, inversions of the full 
Stokes vector are carried out w ith the SIR code 
(|Ruiz Cobo fc del Toro Iniestal Il992f) for all time steps 
in our series. This code numerically solves the radiative 


transfer equation along the LOS under the assumption 
of local thermodynamic equilibrium, and minimizes the 
difference between the measured and the computed syn¬ 
thetic Stokes profiles using response functions. 

Starting from the Harvard-Sm ithsonian Reference At¬ 
mosphere (|Gingerich et al.l [197111 as initial guess (with 
added magnetic and velocity parameter values), the tem¬ 
perature T, is modified with two nodesQ The magnetic 
held strength B, the inclination and the azimuth angles 
7 and X, the LOS velocity uloSi and the microturbulent 
velocity Vmic are assumed to be constant with height. 
The magnetic hlling factor / is assumed to be unity and 
the macroturbulent velocity Umac is set to zero due to the 
high spatial resolution of the data. From B and 7 we also 
derive the longitudinal component of the magnetic held 
Aong = B cos 7 . At each iteration step the synthetic 
prohles are convolved with the spectral PSF of IMaX, 
which was measured in the laboratory before the launch 

^ As usual in SIR, the whole atmosphere is perturbed re¬ 
gardless of the number of nodes. Equivalent response functions 
are calculated at these nodes that include the sensi ti vity of all 
depth grid poin t s (see IRuiz Cobo fc del Toro Iniestal II 19941 1 and 
Idel Toro IniestJ II2003I 11. The number of nodes basically indicates 
the degree in the polynomial spline interpolation that is assumed 
to apply to the perturbations (not to the final stratification). In 
the specific case of two nodes, they are put at the first and last 
point of the grid (logTc = 1.4 and —4.0) but such positions are 
irrelevant: the same linear perturbation is applied independently 
of the node positions. However, it is worth noting that with only 
five wavelenght points, the temperature is not well constrained in 
layers above logrc = —2 or below logrc = 0.5 — 0. 
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Figure 2. Enlarged views of the white boxes in Figure^ Each structure corresponds to a different box and is not co-temporal with 
the others, (a) Longitudinal component of the magnetic field, (b) Line-core intensity in units of the continuum intensity. For clarity, the 
plotted line-core intensity has been set to zero outside the magnetic features. 
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of Sunrise (iRiethmiiller et aLll2014ll . To estimate the 
noise-induced uncertainty in the field strength and LOS 
velocity, we repeat the inversions with 100 different re¬ 
alizations of added noise to the observed Stokes profiles. 
Amplitudes of 3 x 10“^ in units of the continuum inten¬ 
sity were used. The standard deviation of the 100 results 
is 150 G and 150 m s“^ respectively. 

Fin ally, we apply a p-mode subsonic filter (iTitle et al.l 
1198911 to the continuum intensity, line-core intensity, 
LOS velocity, CN and CaiiH images, and compute the 
horizontal velocity maps of the continuum intensity by 
means of a local correlation tracking (LOT ) technique 
(|Novembeil Il986t iNovember fc Simonl 198§1 as imple¬ 
mented by iMolownv-Horas fc Yil (II 994 I 1 . Figure [T] dis¬ 
plays example frames of an IMaX longitudinal magnetic 
field (left), a SuFl CN (center) and a CaiiH (right) im¬ 
age after co-alignment. 


4. MULTI-CORED MAGNETIC STRUCTURES 

The high spatial and temporal resolution observations 
allow us to study the dynamics of resolved small-scale 
magnetic structures. This implies that we are able to 
track magnetic elements themselves rather than just 
their proxies, i.e., BPs. We use time series of i?iong 
as context data to follow the evolution of magnetic el¬ 
ements. After visual inspection of each maps frame, we 
identify 28 groups of flux tubes evolving as single entities 
while the individual tubes undergo different coalescence 
and fragmentation processes. The locations where such 
magnetic structures are detected are highlighted by white 
boxes in Figure [TJ 

Figure [2] shows enlarged views of these structures. 
The longitudinal magnetic field maps (Figure EJa)) il¬ 
lustrate “multi-cored” magnetic structures that are re¬ 
solvable into a series of more elemental structures, each 
of which might be described by a flux tube. In gen¬ 
eral, the magnetic structures are seen in the longitu¬ 
dinal magnetic field maps to have at least two inner 
cores surrounded by a common and weaker envelope. In 
most cases, the line core intensity maps display a BP 
associated with each magnetic core (see Figure Elb)). 
Thus, the multi-cored magnetic structures are gener¬ 
ally characterized by groups of resolved BPs. Sim¬ 
ilar quiet-Sun bri ght structures h ave b ee n previously 
observed by e g.. iBerger fc TitI3 (1199611: iBerger et al.l 
(I1998L [2004 1: iRoupoe van der Voort et al.l ( 200511 and 
iGoode et al. (|2010f) . Here we have been able to relate 
each BP group with a magnetic core group that belongs 
to a common underlying magnetic structure. 

The red box in Figure [1] highlights a region of inter¬ 
est containing a representative example of a multi-cored 
magnetic structure whose dynamics we have followed. 
We focused on this region because it shows, in a single 
example, many of the processes involved in the evolution 
of these magnetic features. In addition, it is one of the 
comparatively few cases for which we have also informa¬ 
tion from SuFI. We describe it in some detail in what 
follows. 


4.1. Evolution of magnetic elements 

Figure [3] illustrates the temporal evolution of a multi- 
cored magnetic structure (red box in Figure [IJ based 
on five selected Riong maps (first row), magnetic field 
strength and inclination maps (second and third rows), 


and co-aligned GN maps (fourth row). The blue contour 
in the last row marks the periphery of the multi-cored 
magnetic structure. This has been selected by visual in¬ 
spection in such a way that all the magnetic cores are 
kept within the global structure. In all frames it de¬ 
lineates longitudinal magnetic field iso-contours of ap¬ 
proximately 250 G, and it encloses a magnetic flux of 
(5.4± 1.3) X 10^^ Mx, where ±1.3 is the amount by which 
it changes over time. This contour will be used until the 
end of Section lT2] 

In frame number 13, an elongated GN bright struc¬ 
ture, with two seemingly brighter concentrations, is ob¬ 
served. (The existence of two BPs can be confirmed 
through their evolution as seen in Animation 1.) The 
co-temporal longitudinal magnetic field map identifies 
the two brighter concentrations (BPs) with two associ¬ 
ated magnetic cores embedded in a more diffuse mag¬ 
netic structure. These cores are also clearly observed in 
the field strength and inclination images. The structure 
is formed by two strong (~ 1000 G) and almost vertical 
(^ 20°) inner cores surrounded by a common, weaker 
(^ 400 G) and more inclined (~ 70°), canopy-like ring. 
Evidence that such rings are associated with canopies 
in single -cored magne t ic str uc tures has been provided 
b^g., iRezaei e t al.l (12 00711. iMartfnez Gonzalez et al.l 
(|2012ll and iBuehler et al.l ( 2015ll~ Our highly inclined 
fields of the rings are fairly consistent without a-priori 
assumptions with the conventional picture of a canopy. 
However, their quantitative values may be more un¬ 
certain than those from the cores, because the polari- 
metric signal is weaker over the rings than over the 
cores. IMartfnez Gonzalez et al.l (1201211 . for instance, 
found smaller tube expansions with higher spectral res¬ 
olution from SuNRiSE/IMaX, but no linear polarization 
was studied since only Stokes I and V were available in 
their case. 

The magnetic morphology suggests that the dual-core 
feature is formed by two magnetic elements (flux tubes) 
that lose their individual identity as they expand with 
height and merge together. Ga nopy merging has been 
observed bv iBuehler et al.l (j2015l l in a fairly different sce¬ 
nario: they report on individual magnetic flux concen¬ 
trations whose canopies blend with those from neighbor 
concentrations. 

The subsequent evolution show^ that the rightmost 
magnetic core splits into two (frame 20). Then the three 
of them merge and form an isolated magnetic element 
(frame 32). Soon afterwards, however, it fragments into 
two apparently identical cores (frame 37) that subse¬ 
quently start to fuse again into a single magnetic con¬ 
centration (fourth 41). Two small remnants appear to 
leave the main merged core during the merging process 
itself. They follow an independent evolution (best seen 
in the CN maps) until the end of the time series through 
which both merge into a different (weaker) magnetic 
structure. Despite these recurrent fragmentation and co¬ 
alescence processes, the magnetic cores keep sharing the 
same canopy over the whole time. These processes are 
analyzed in more detail in the following section. 

Since we have observed that CN BPs are good proxies 
of magnetic cores and this is also true for those seen in 


^ Better seen in Animation 1. We suggest the reader to manually 
play back and forth the individual frames of the movie. 
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Figure 3. Evolution of a multi-cored magnetic structure (red box in Figure [TJ. First row: longitudinal magnetic field. Second row: 
magnetic field strength B. Third row: magnetic field inclination 7 . Fourth row: CN band images. Frame numbers (elapsed time) are given 
in the upper left (right) corner of each top frame. 


the G band (iKiselman et al.l 120011) . the above-described 
evolutionary behavio r is consistent with th e photometric 
observations of, e.g.. lBerger fc: Titl^ (|1996D . In the light 
of our co-aligned spectropolarimetric observations we are 
in a position to assert that such BP groups, that keep 
together for periods much longer than a granule lifetime 
(up to 70 minute in iBerger et ahlllO^ . can be members 
of the same magnetic structures. 

4.2. Interaction with granular convection 

Figure U] indicates the different processes that take 
place during the evolution of the multi-cored magnetic 
structure due to its interaction with the local granular 
convection flows. From top to bottom, the rows show 
longitudinal magnetic field maps, CN intensity, LOS ve¬ 
locity, and continuum intensity maps. This figure is com¬ 
plemented by Animation 1, which is included in the elec¬ 
tronic edition of the journal. In the animation we also 
display the CaiiH intensity maps. As in Figure [3l the 
blue contours mark the periphery of the multi-cored mag¬ 


netic structure. The new black contours have been cre¬ 
ated to follow the evolution of the individual magnetic 
cores and delineate a set of regions whose summed mag¬ 
netic flux is constantly equal to 2.9 x 10^^ Mx through¬ 
out the period of observation. These flux contours are 
constructed by starting from the most intense pixels in 
the longitudinal magnetic field map and then gradually 
expanding the contour by lowering the Riong for pixels 
included inside it. The black contours thus outline the 
magnetic cores. Finally, blue arrows show the horizon¬ 
tal velocity maps inferred through the LOT technique by 
correlating the displayed frames with the previous ones. 

In Figure [5] we quantitatively analyze the evolution of 
the multi-cored magnetic structure shown in Figure ID 
For this purpose, we manually track the magnetic cores 
in the longitudinal magnetic field maps. The first row of 
panels in Figure [^displays the evolution of the area en¬ 
closed by our constant-flux region of 2.9 x 10^^ Mx. This 
area is delimited by black contours in Figure IH From 
top to bottom the other panels show the evolution of the 
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Figure 4. Close-up of the first three frames in Figure[3]with greater temporal resolution. First row: longitudinal magnetic field B cos 7 . 
Second row: CN images. Third row: LOS velocity ulos- Fourth row: continuum intensity. The total magnetic flux within all the black 
contours in a given image is constantly equal to 2.9 X 10^^ Mx. Overplotted blue arrows in the bottom panels outline the horizontal 
flow field derived through the LCT technique by correlating the displayed frames with the previous ones. The length of the blue bar at 
coordinates [CK'O, (X'O] corresponds to 1.8 km s“^. Blue contours are the same as in Figure[3l This figure is also available within Animation 
1 in the electronic edition of the journal. 


field strength, CN intensity, and LOS velocity for each of 
the magnetic cores. To increase the signal-to-noise ratio 
in the magnetic core physical parameters, we represent 
averages over 9 pixels around their i?iong centroid. The 
red and green lines correspond to the leftmost and right¬ 
most cores respectively, while a black line is drawn when 
the two cores merge into one. The vertical dotted lines 
corresponds to the end of the different phases described 
in the following sections. 

4.2.1. Intensification by granule compression 

From frame 12 to 16, the leftmost magnetic core (red 
lines in Figure El) stays at rest whereas the rightmost 
magnetic core is compressed between two granules (Fig¬ 
ure |4] and Animation 1) . The upper granule (at coordi¬ 
nates [1"75,2"] in frame 12) moves toward the magnetic 
core, while the lower granule (at coordinates [1"25,0"25]) 
expands. This compression process results in the intensi¬ 
fication of the magnetic core. The field strength increases 
from about 800 G to about 1100 G (green line in Figure 
El) as the CN intensity also rises. Meanwhile, the LOS 
velocity grows from nearly 0 to 1.1 km s“^ (average) 
with a peak velocity of up to 3 km s“^. This maximum 
downflow is reached at frame 16 within the rightmost 
core close to a small upflow feature that emerges at the 
edge of the magnetic structure. As soon as this small- 
scale downflow/upflow feature appears, a co-spatial BP 
is detected in the CaiiH images (see Animation 1). 


Such a nearly simultaneous small-scale down¬ 
ward/upward velocity pattern was first observed within 
a magnetic element (Paper 1) and, later, close to 
man y BPs vis i ble in the line core of Fe I 525.0217 
nm (|Lftz et al.l l2014f) . In Paper 1, this pattern was 
detected at the end of two consecutive magnetic field 
intensification processes. The isolated magnetic element 
was compressed by all surrounding granules, and both 
intensification processes led to a reduction in the area of 
the flux concentration and an enhancement of its field 
strength. In our new observations, however, this phase 
dose not contribute much to decreasing the area of the 
global magnetic structure (top panel in Figure El- This 
is manly due to the small size of the rightmost magnetic 
core compared to the entire area covered by magnetic 
flux. 

4.2.2. Fragmentation 

After the intensification phase the rightmost magnetic 
core and its related CN BP get elongated (frame 17 in 
Figure II as a consequence of the compression. The 
“squeezing” ends by fragmenting the magnetic core in 
two (frames 17-21). The squeezing is also well illustrated 
by the horizontal velocity arrows in the bottom panels of 
Figure m For simplicity, in Figure El "we only show the 
evolution of the rightmost fragment, whose field strength 
and CN intensity drops abruptly (green line up to frame 
23). The decrease of the field strength in the resulting 
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Figure 5. Evolution of relevant quantities with full temporal res¬ 
olution, for frames 11-38. First plot: the area within the black 
contour (enclosing a time-independent magnetic flux of 2.9 x 10^^ 
Mx). The x-axis at the top of the panel marks the frame numbers. 
Second plot: magnetic field strength. Third plot: CN intensity. 
Fourth plot: LOS velocity. The plots display values of the corre¬ 
sponding quantities averaged over nine pixels centered around the 
centroid of the magnetic cores in the longitudinal magnetic field 
maps. Red (green) lines stand for the leftmost (rightmost) mag¬ 
netic core and the black line is used when a single magnetic core 
is observed. 


fragments leads to the increase of the area enclosed in the 
contour of constant magnetic flux (top panel in Figure[5]). 
Small variations in the average LOS velocity accompany 
this process. 

4.2.3. Coalescence and further fragmentation 

At the end of the fragmentation phase the upper gran¬ 
ule fades away and the surrounding granules start to fill 
the “empty” space (see frame 21 to 32 in Animation 1) 
soon afterwards. In this way, the three magnetic cores 
are advected to the wide space left by the fading granule, 
and compressed by the surrounding granules until they 
merge into a single magnetic element (frame 32 in Figure 
a. The advection of magnetic cores by the proper mo¬ 
tions of the neighboring granules is also well illustrated 
by the horizontal velocity flow field. During this com¬ 
pression phase a strong downflow is detected within the 
rightmost magnetic core (frame 28) and a small upflow in 
its surroundings (frame 32). As soon as the downflow ap¬ 
pears, a new co-spatial bright feature is detected in the 
CaiiH image (Animation 1). The almost co-temporal 
upflow that emerges at the periphery of the magnetic 
structure also appears co-spatial to the Ca ii H BP. 

The coalescence process takes place from frame 23 to 33 
(Figure [5]). Within these 5 minutes, the magnetic fields 
are concentrated and, because the flux is conserved, the 
area decreases while the field strength increases. The 
magnetic field reaches a strength of up to 1.4 kG, com¬ 
pared with the initial ~ 600 G of each magnetic core. 
Simultaneously, the GN intensity is also enhanced nearly 
in phase with the field strength. The plasma within the 
leftmost core is approximately at rest on average while 
the LOS velocity increases from 1 to 2 km s“^ within the 
rightmost core. Note, however, that our 9-pixel average 
LOS velocity can be misleading. The apparent decrease 
in wlos for the coalesced structure results from the si¬ 
multaneous presence of a downflow (in the inner core) 
and an upflow (at its periphery). 

The evolution continues with a new fragmentation pro¬ 
cess. In a time interval of about 3 minutes, the magnetic 
element splits in two (see frame 37 in Figure[3]or Anima¬ 
tion 1) and the different physical quantities are almost 
restored to their values prior to the coalescence phase 
(Figure El). 

4.3. Magnetic field oscillations 

Driven by the local granular convective flows, the se¬ 
quence of intensification, fragmentation and coalescence 
events described above occur all along the evolution of 
the multi-cored magnetic structure. This evolutionary 
behavior results in oscillations of its constant magnetic 
flux area (top panel in Figure E])- Similar magnetic field 
oscillations wher e first detected in four q u iet-Su n mag¬ 
netic patches bv iMartinez Gonzalez et ()2nilh within 
IMaX data. They argued that the periods associated 
with this oscillatory pattern could be related with char¬ 
acteristic oscillation modes of flux tubes or, might corre¬ 
spond to the forcing by granular motions. Due to their 
compatibility with the granular lifetime and the fact that 
the oscillations can be strongly damped or amplified and 
their period abruptly modified, they favor the latter sce¬ 
nario. 

Here, we wonder if the oscillations found by 
IMartinez Gonzalez et al.l (1201 If) have also something to 
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Figure 6 . Evolution of the longitudinal magnetic field of the four magnetic structures analyzed bv IMartfnez Gonzalez et al.l I|2Q1U1 . The 
structure at the top row is located within the blue solid square in Figure^ The other tree features corresponds to other IMaX time series 
and consequently their location is not shown in Figure^ 


#26 14.4 min #28 15.5 min #30 16.6 min 



024024024 
[arcsec] [arcsec] [arcsec] 


Figure 7. Close-up of one of the intensification phases of the magnetic structure in the top row of Figure O The structure is located 
within the blue dashed square in Figure^ First row: longitudinal magnetic field. Second row: continuum intensity. The rightmost panel 
shows the horizontal velocity maps derived through the LCT technique averaged over the intensification phase. The length of the blue bar 
at the lower left corner of the rightmost panel corresponds to 1.8 km s~^. 
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do with the evolution of our multi-cored magnetic struc¬ 
tures. With the purpose of answering this question, in 
Figure|6]we display the time evolution of the longitudinal 
magnetic field for the four magnetic patches analyzed by 
them. We find that at least three of them (if not all four) 
are indeed multi-cored magnetic structures. The one dis¬ 
played in the top row also shows hints that at some point 
it may be composed of at least two magnetic cores (see 
panels at 11.1 and 17.7 minute). However, this is not 
that evident as in the other three cases. 

According to our new analysis, the oscillations of the 
three multi-cored magnetic structures can be explained 
through the intensification, coalescence and fragmenta¬ 
tion processes that their inner cores suffer when they 
are continuously buffeted by granular flows. The damp¬ 
ing and amplification phenomenon of oscillations and 
the strong changes in their periods might be caused by 
the changes in the number of magnetic cores contained 
within the structure, and by the fact that some of the 
fragments fade into a more diffuse magnetic field below 
our observational threshold (see e.g., the evolution of the 
magnetic feature in the second row). 

It seems evident that the oscillations in at least three 
of the four magnetic structures are compatible with the 
forcing by granular motions. However, it may still be 
possible that oscillatory modes are present in the evolu¬ 
tion of the magnetic structure in the first row of Figure 
El In order to dispel these doubts we analyze the interac¬ 
tion of this feature with convection. With this purpose 
in mind we show one of the intensification events un¬ 
dergone by this feature in Figure [T] In the first panel, 
the magnetic element is located in a wide space left by 
granules. The magnetic structure become stronger as it 
is compressed between the granules. During this process 
the surrounding granules elongate in the direction of the 
magnetic feature, thus fo rming a chara. c terist ic daisy-like 
pattern first described bv I Muller et al.l (|1989(1 . The com¬ 
pression process is well characterized by the horizontal 
velocity flows (rightmost panel in Figure [^l, which point 
toward the magnetic feature near the center of the FOV. 
This shows that the oscillations correspond also in this 
case to the forcing by granular motions, as the magnetic 
feature is intensified at each of the recurrent granule com¬ 
pression phases. 


5. DISCUSSION AND CONCLUSIONS 

We have presented direct observations of small-scale 
magnetic field dynamics in the quiet-Sun. This has been 
done with the accurate polarimetric measurements and 
high spatial resolution images obtained with the IMaX 
and SuFI instruments aboard the Sunrise balloon-borne 
stratospheric mission. 

The results reported about several vertical magnetic 
cores surrounded by a common more horizontal magnetic 
structure suggest that we are witnessing a collection of 
flux concentrations in the lower photosphere that share a 
common canopy in the upper photospheric layers. In the 
photosphere, intensification, fragmentation and coales¬ 
cence processes play an important role in the evolution of 
the individual magnetic elements. This evolution is con¬ 
sistent with tha t of their photomet r ic cou n terparts (BPs) 
as des cribe d bviMuller fc Roudieii (|1992ll , iRoudier et al.l 
(|1994ll and iBerger fc Titl^ 19961) . 

The fragmentation and merging episodes appear to be 


governed by the evolution of the local granular convec¬ 
tion flows. Magnetic cores have been observed to frag¬ 
ment when they are “squeezed” or “compressed” by con¬ 
verging or expanding granules. The fragmentation of 
magnetic cores through the perturbation of surround¬ 
ing granules may be evidence for the action of the in¬ 
terchange, or fluting, instability in magnetic elements. 
The liability to the interchange instability is in deed an 
inhere nt pr operty of flu x tube s as first noticed bv lParkeH 
(jl975li and iPiddingtonI (jl975l l. The fact that the mag¬ 
netic fragments share a common c anopy s trongly sup¬ 
ports the theoretical predictions of [Bun 3 (jl993br i . His 
idealized model contended that magnetic slabs are liable 
to fluting in a limited height range around Tc = 1, i.e., 
around the solar surface. Thus, a sheet-like magnetic 
structure fragments into tube-like filaments. Higher up 
in the atmosphere, howeyer, the single magnetic tubes 
lose their indiyidual identity as they expand with height 
and merge into a single, stable magnetic canopy. He also 
conjectured that the continuous adyection of the tubes 
back to intergranular lanes by conyerging granular mo¬ 
tions might prevent further dispersion through hydrody¬ 
namic drag. 

We have also observed that soon after the splitting 
takes place, the resulting fragments are quickly re¬ 
grouped again in intergranular lanes by the converging 
surrounding granules. Since the flux concentration cools 
the sur rounding gas, it enh ances the granular flows to- 
wars it (jPeinzer et al.lll983l . This effect keeps the multi- 
cored magnetic structure together during the entire 23 
minute dataset. In the light of this spectropolarimetic 
picture, it is understandable that groups of BPs can 
persist for long ti mes (up to 70 minute according to 
iBerger et al.l I1998D while being constantly buffeted by 
granules. 

The quantitative analysis shows that the total mag¬ 
netic flux of a typical multi-cored magnetic structure 
remains roughly constant during its evolution. We ob¬ 
tain this result as we are able to spatially resolve (at 
least partially) this magnetic structure. We are then en¬ 
abled to relate the enhancement (decrease) of the CN 
BP brightness during the intensification and coalescence 
(fragmentation) phases with the increase (decrease) of 
the magnetic field strength and not with change s in th e 
local filling factor as proposed by iViticchie et al.l (1200911 . 
It is worth noting that in contrast to them with the spa¬ 
tial resolution of the SuNRiSE/I MaX data 07 15), we 
can get rid of the filling factor (|Lagg et al.ll2010H . This 
correlation between the brightness and the field strength 
supports the classical picture of magnetic element ra¬ 
diance by the hot-wall mechanism. Accordingly, the re¬ 
duced gas pressure within the flux tubes locally depresses 
the optical depth unity level. The less opaque magnetic 
flux-tube interior then causes an excess of lateral inflow 
of radiation into th eir evacuated interiors (lSpruitl[l976t 
iDeinzer et al.lll983l . and as a consequence the magnetic 
elements appear brighter than their surroundings. 

In addition, as a consequence of the flux conser¬ 
vation, the continuous intensification, coalescence and 
fragmentation of magnetic cores results in oscillations 
of the magnetic held strength and cross-section area 
of the entire magnetic feature. Such oscillations were 
hrst detected in four q u iet-Su n magnetic patches by 
iMartfnez Gonzalez et al.l (|2011f) . We have found that 
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three of them are indeed multi-cored structures, while 
the fourth one may have sub-resolution structure. In all 
these features (and in other multi-cored magnetic struc¬ 
tures) the compression by surrounding granules plays an 
important role in the intensification of the magnetic field. 
In Paper 1 we already observed a large-amplitude vari¬ 
ation in area and field strength within a magnetic ele¬ 
ment related to similar granule compression processes. 
However, due to the limited length of the observation 
only a single period was seen, and therefore we could not 
confirm that these variations were part of an oscillatory 
pattern. 

The excitation of the oscillations is consistent with the 
forcing by granular motions. The pattern we observe 
corresponds to the evolution of magnetic flux concentra¬ 
tions, whose internal structure change as they are per¬ 
turbed by granular flows. Through this interaction the 
magnetic structures are continuously being compressed, 
fragmented, or their different components regrouped and 
hence the magnetic fields are constantly being strength¬ 
ened or weakened. 

These magnetic field variations could explain the fact 
that brightness enhancements are obs erved at BPs when 

S ressed by converging granules (jMuller fc RoudieJ 
. They could also be the cause for the broad rang e 
of held strengths found at BPs by iBeck et ^ (120071) . 
p.l65. 

When the magnetic structure is compressed, kG Held 
strengths are sometimes reached at the same time that 
strong photospheric downward motions are found within 
the magnetic cores. Such a correlation has been inter- 
preted as a convective collapse by differen t authors (e.g., 
iNagata et al.ll200l : iDanilovic et al.ll2010D . Our Hndings, 
then, suggest that convective collapse could be triggered 
by granular perturbations. 

The highly dynamic nature of small-scale magnetic 
Helds found here suggests the generation of waves that 
could propagate up through the solar atmosphere. This 
is supported by the chromospheric activity that we have 
detected during the intensiHcation, coalescence and frag¬ 
mentation processes related with photospheric downward 
and upward motions. Correlation between photospheric 
downflows and Ca ii H brightenings has be en explained in 
term s of the convec t ive co llapse process (iShimizu et al.l 
120081 iFischer et al.l I2009D . and as disk-center photo¬ 
spher ic traces of type B spicules (|Quintero Noda et al.l 
I20I4D . We did not And, however, any previous mention in 
the literature of a relationship between Ca ii H brightness 
and photospheric upflows as found here. In the chromo¬ 
sphere, high plasma velocitie s in the blue wing of Ca i i IR 
line have been flrst found by iLangangen et al.l (I2008D as 
the disk counterpart of type II spicules. Could the pho¬ 
tospheric upflows that we observe here have something 
to do with those seen in the chromosphere? Further in¬ 
vestigations using time series observations of compara¬ 
ble spatial resolution and polarimetric sensitivity at the 
photosphere, together with simultaneous spectroscopic 
information on the chromosphere, are to shed new light 
on these issues. 
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